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Abstract 55 
Field monitoring is an important means for understanding soil behaviour and its 56 
interaction with buried structures such as pipeline. This paper details the successful 57 
instrumentation of a section of an in-service cast iron water main buried in an area of 58 
reactive clay where frequent water pipe breakage has been observed. The 59 
instrumentation included measurement of pipe strain; pipe water pressure and 60 
temperature; soil pressure, temperature, moisture content and matric suction, as well 61 
as the meteorological conditions on site. The data generally indicated that changes in 62 
soil temperature, suction and moisture content were directly related to the local 63 
climatic variations. The suction and moisture content data indicated that the soil 64 
profile at the site down to around 700 mm, and probably down to 1000 mm, is 65 
affected by changes in surface weather, while soil conditions below this depth appear 66 
to be more stable. Analysis of pipe strain indicated that the pipe behaves like a 67 
cantilever beam, with the top experiencing predominantly tensile strains during 68 
summer. Subsequently, these trends reduce to compressive strains as soil swelling 69 
occurs due to increase of moisture content with the onset of winter.  70 
 71 
Key words: Field instrumentation, cast-iron water main, soil movement, expansive 72 
soil, moisture content, meteorological conditions73 
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Introduction 74 
Failure of buried water pipes due to ageing is one of the major problems that does not 75 
only result in wastage of precious water but also creates significant disruption to 76 
communities and economic losses in many global population centres, including 77 
Australian towns and cities. Therefore, it is important to improve our understanding 78 
of the factors and mechanisms of pipe failures and develop improved pipe asset 79 
management models that can predict water pipe failures in order to plan for the 80 
rehabilitation, replacement, and failure mitigation strategies of pipe assets. 81 
Local and global evidence showed that buried pipe failure is affected by climatic, soil, 82 
and pipe variables. Baracos et al. (1955) analysed the pipe breakage data of cast iron 83 
(CI) and asbestos cement (AC) water mains in the city of Winnipeg (Manitoba, 84 
Canada) for the years 1948 to 1953 and found that the monthly number of 85 
circumferential failures had a close correlation with seasonal climate changes. 86 
Mordak and Wheeler (1988) analysed failure data from four water authorities with a 87 
large inventory of AC pipes in the U.K. for the period from 1952 to 1982. It was 88 
found that higher annual pipe failure rates were recorded in areas with clay soils and 89 
most of the failures occurred in the dry summer months. Further, high incidences of 90 
circumferential failures in smaller diameter pipes were observed. The association 91 
between plasticity index and water pipe breakage observed by Hudak et al. (1998) 92 
suggests that expansive clay may play an important role in breakage of water pipes. 93 
An analysis of AC water pipe failure data from Regina, Canada for the period from 94 
1980 to 2004 by Hu and Hubble (2007) showed that the highest annual breakage rate 95 
corresponded to the year with the highest rainfall deficit. Other studies (Habibian 96 
1994; Karaa and Marks 1990; Goulter and Kazemi 1988; Kettler and Goulter 1985; 97 
Bahmanyer and Edil 1983; O’Day 1982) have also determined the cause of failure by 98 
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identifying correlations between pipe breaks and influential factors, such as pipe age, 99 
pipe diameter, soil corrosivity, temperature, water pressure, and external loads, 100 
showing that the behaviour of buried pipes is closely related to the physical, 101 
environmental and operational conditions. On the basis of information gathered, it is 102 
generally evident that small diameter pipes or reticulation pipes (generally in the 103 
order of 100 or 150 mm in diameter) are more affected by the reactive soils and 104 
climate influence. 105 
Previous studies in Victoria, Australia (Ibrahimi 2005; Chan et al. 2007; Gould and 106 
Kodikara 2008) have shown that failure rates of water pipes rise markedly during 107 
summer and to a somewhat lesser extent during winter. The analysis of pipe failure 108 
data indicates that these effects are much more pronounced after a prolonged dry 109 
period (e.g. summer 2001/2002), highlighting the susceptibility of the existing pipe 110 
network to local climatic changes. Gould et al. (2009) conducted an analysis of water 111 
pipe failure data obtained from two water authorities in Victoria, Australia for the 112 
period from 1996 to 2006. This study suggested that the pipe failure rate increases as 113 
net evaporation increases. Net evaporation is negatively related to soil moisture 114 
content, indicating that soil moisture content decreases as net evaporation and pipe 115 
failure rate increase. A higher failure rate was observed for cast iron pipes which are 116 
the oldest, with the greatest length of service, buried in expansive soils, and with 117 
diameters of 100 to 150 mm. Further, the study revealed that the rate of 118 
circumferential fractures increases with increase in net evaporation. 119 
In spite of the effects of local climate, soil water content, temperature, pipe material, 120 
and pipe diameter on the performance of buried pipes, particularly in reactive soils, 121 
little work has so far been carried out to study the behaviour of buried pipes subjected 122 
to climate changes. Although some theoretical and numerical models were developed 123 
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to quantify the pipe-soil interaction effects (e.g., Rajani et al. 1995; Kuraoka et al. 124 
1996; Rajeev and Kodikara 2011), the existing models consider only some of the 125 
physical variables, and the influence of soil and climate are not properly taken into 126 
account. Quantitative understanding of soil-pipe interaction would enable engineers to 127 
improve the design, construction, maintenance and management of buried pipes in 128 
reactive soils. Therefore, a field study was initiated involving the instrumentation of 129 
an in-service water main and surrounding soil in order to monitor the performance of 130 
pipe buried in reactive soil and subjected to seasonal climate variations. This is one of 131 
the rare instances where an in-service cast iron pipe buried in reactive has been 132 
monitored for over three years period. Since most world’s urban centres including in 133 
Australia still has a more than 50% of water pipes as cast iron pipes, this study is 134 
significant to proactive management of the vital water and gas pipe network. This 135 
research provides on the basis of field measurement the likely mechanism that 136 
operates in the failure of these pipelines. This information should help devising 137 
rational methodologies to make failure forecasts and manage the pipe network. 138 
This paper reports the details of the field instrumentation and the results of the pipe 139 
strain, soil water content, soil suction, and soil temperature measured over the 140 
monitoring period started from January 2008 and the pipe and soil response to 141 
weather change.  142 
 143 
Field Instrumentation  144 
Site selection criteria 145 
A statistical analysis of water pipe failure data (Gould and Kodikara 2008) reported 146 
that 100 mm nominal diameter cast iron pipes are the most numerous assets in the 147 
water pipe network in north-western Melbourne, and these pipes experience failure 148 
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rates higher than those of other pipe materials and diameters. Of this pipe type, those 149 
located in reactive soils have the highest failure rate. Similar results were reported by 150 
Chan et al. (2007), who found that over 50% of pipe failures are in cast iron pipes and 151 
about 60% of the failed pipes were 100 mm diameter. For these reasons, it was 152 
decided to undertake the instrumentation on a 100 mm cast iron water pipe buried in 153 
reactive soil. The site was chosen following the criteria described below in order to be 154 
effective, safe, convenient, and least complicated for excavation, instrumentation and 155 
data-logging. The selection criteria for a suitable site were: an area with a history of  156 
high failure rates; a reactive soil region; contains a buried cast iron water pipe with 157 
nominal diameter between 100 to 150 mm; no previous failures have occurred within 158 
the instrumentation pipe length; pipe laid across nature strip and driveway to study the 159 
effects of pervious and impervious surfaces on buried pipe behaviour; wide nature 160 
strip to allow for instrumentation; clear of other utilities such as gas, power, 161 
telecommunications, storm water and sewer; relatively flat ground surface to avoid 162 
the effects of sloping ground and risk of potential flooding; no trees on the nature strip 163 
within and close to the instrumentation locations; and a quiet area with relatively low 164 
traffic flow. 165 
A large number of sites were screened with the above criteria and two most suitable 166 
sites were chosen for additional investigation to determine soil depth and site- specific 167 
properties. According to the AS 2870 for residential slab and footing design 168 
(Standards Australia 2011), the change of suction depth in the Melbourne area is from 169 
ground surface to the depth of 1.8 m to 2.3 m. The possible ground movement due to 170 
climate may expect to occur within this depth.   The field scale moisture measurement 171 
at 23 sites in Melbourne reported in Kodikara et el. (2014) reported that observed 172 
moisture changes are within 1.0 to 1.3 m. Soil investigations were done by hand 173 
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auguring and undisturbed push-tube sampling with a drill rig in order to determine the 174 
depth of soil at these two sites. The site chosen for instrumentation is located in 175 
Altona North, Victoria, Australia. This site has a clay layer of over 1.5 m depth below 176 
the ground surface.  177 
 178 
Soil profile 179 
Undisturbed soil samples were collected from the site by pushing 100 mm diameter 180 
pipes down to 2.1 m below the ground surface where the basaltic rock layer was 181 
found. The soil samples were then sealed on site to prevent moisture evaporation and 182 
brought to the laboratory for classification tests. In the laboratory, soil cores were 183 
extracted from the plastic tubes and soil samples were taken at different depths for 184 
measurement of moisture content, dry density, Atterberg limits, linear shrinkage, 185 
swelling pressure, saturated hydraulic conductivity, and soil-water characteristic 186 
curves (SWCCs). Table 1 summarises the physical properties of the soil with depth. 187 
The Atterberg limits test results on the plasticity chart are shown in Figure 1. The 188 
consistent clay soil found below the depth of 250 mm is classified as inorganic clays 189 
of high plasticity. The specific gravity of the soil collected at pipe depth (850 mm) 190 
was measured as 2.66. The particle size distribution test plotted in Figure 2 shows a 191 
high content (60%) of clay in the soil. The mineral composition of the soil collected at 192 
pipe depth was determined using the commercial package SIROQUANT for X–ray 193 
diffraction (XRD) (Srodon et al. 2001), and the results are shown in Table 2. A 194 
significant presence of clay minerals, including smectite, imparts high reactivity to the 195 
soil.  196 
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Soil samples taken at different depths were tested in an oedometer to determine the 197 
swelling pressures which varies from 110 to 600 kPa. This variation may be affected 198 
predominantly by the initial water content and initial dry density of the sample. 199 
The saturated hydraulic conductivity of the topsoil was measured in the field using an 200 
air entry permeameter. Undisturbed soil samples collected at depths of 450 mm and 201 
800 mm were used in the laboratory testing using the constant head method with flow 202 
pumps.  203 
The relationship of volumetric moisture content and matric suction (SWCC) of the 204 
soil at various depths was measured by the filter paper method and the results are 205 
shown in Figure 3. The experimental data were fitted using the equation proposed by 206 
Fredlund and Xing (1994). The soil profile of the site is shown in Figure 4. 207 
 208 
Pipe conditions 209 
According to the records of the water authority, the 100 mm diameter cast iron pipe to 210 
be instrumented was installed in 1961. Given the installation date, it is likely that the 211 
pipe has an internal cement lining applied in the factory at the time of manufacture. 212 
During the field instrumentation, a non-destructive test was performed using an 213 
ultrasonic gauge to measure the pipe wall thickness. Twelve measurements taken at 214 
the pipe top, bottom and spring line on opposite sides in each of the three pits 215 
revealed that the average wall thickness of the pipe was 8.5 mm. The pipe crest is 216 
located at a depth of 850 mm below the ground surface. 217 
   218 
Site plan  219 
The plan view of the instrumentation site with locations of the access pits is shown in 220 
Figure 5. The total length of the nature strip between two driveways is 23.8 m and the 221 
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width between road and footpath is 4.8 m, which provided sufficient working area for 222 
instrumentation on the soil and pipe. In addition to the water pipe to be instrumented, 223 
which is located 3.16 m from the property boundary, a 100 mm diameter gas pipe is 224 
located 2.4 m from the property boundary and a storm water pipe is located 0.6 m 225 
from the kerb. Power and telecommunications lines are located 6 m overhead. 226 
 227 
Field monitoring system installation 228 
Pipe and soil instrumentation was undertaken in three primary locations, designated 229 
as Pit 1, Pit 2 and Pit 3 (Figure 5). Each pit contained two sections; a smaller section 230 
for instrumentation of the pipe, which was excavated to 1.3 m below the ground 231 
surface; and a larger section for instrumentation of the surrounding soil, which was 232 
excavated to 2.5 m below the ground surface. As shown in Figure 5, Pit 1 is located 233 
beneath the driveway, Pit 2 is 3.65 m to the right of the driveway (5 m to the right of 234 
the centre of Pit 1) and Pit 3 is 14.25 m to the right of the driveway (15.6 m to the 235 
right of the centre of Pit 1). An additional pit was located 3.4 m from the centre of Pit 236 
3 for the installation of pipe water pressure and temperature gauges. These locations 237 
were selected to monitor the strain of the pipe, assuming that it behaved like a 238 
restrained end beam between the two driveways. In this case, Pit 1 was considered as 239 
the end of the “beam”, Pit 3 was considered near the mid-span of the “beam” (the 240 
location was shifted marginally due to the service pipe connection, as shown in Figure 241 
5) and Pit 2 was at approximately one third of the distance between Pit 1 and Pit 3.  242 
Numerous sensors and systems were installed on site to monitor the behaviour of 243 
pipe, the surrounding soil, and the weather conditions. The sensors included 12 244 
biaxial strain gauges on the pipe surface for measurement of pipe deformation; 15 245 
thermocouples for measurement of soil temperature; 15 thermal conductivity sensors 246 
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for measurement of soil suction; 15 soil moisture sensors (similar to time-dependent 247 
reflectrometry (TDR) probes) for measurement of volumetric soil moisture content; 248 
two earth pressure cells to measure the soil pressure at the pipe-soil interface; a water 249 
pressure and temperature gauges on the pipe;  weather station for measurement of the 250 
temperature, rainfall, humidity, wind speed and solar radiation on site; and three 251 
sacrificial anodes connected to the instrumented pipe sections to reduce pipe 252 
corrosion in order to protect the strain gauges. Figure 6 shows the vertical section 253 
layout of the sensors that were installed in this project. Note that the thermal 254 
conductivity sensors, soil moisture sensors and thermocouples were installed above 255 
and below the pipe by drilling horizontally through the soil from the larger section of 256 
each pit. 257 
Majority of the fieldwork was undertaken between 7th and 14th January, 2008. The 258 
locations of each pit were marked and excavated. Shoring was then set up in the 259 
larger section of each pit to provide access and protect against collapse of the soil 260 
during sensor installation. During the excavation, spoil from each pit was marked as 261 
separate piles and returned to the same pit during backfill. 262 
 263 
General-purpose 3-wire waterproof biaxial strain gauges (KFW-5-120-D16-11 from 264 
Kyowa, Japan) were installed to measure the deformation response of the pipe. These 265 
gauges are thermally-compensated with a thermal expansion coefficient of 11 με/°C, 266 
which is similar to cast iron (Rajani et al. 1996; Sadiq et al. 2003). The smaller 267 
section of Pits 1, 2 and 3 exposed the water pipe for strain gauging and to allow 268 
installation of pressure cells underneath the pipe (Figure 7 and 8). In total, twelve 269 
strain gauges (three sets of four biaxial strain gauges) were installed. Each biaxial 270 
gauge consisted of two gauges: one gauge was oriented along the longitudinal axis of 271 
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the pipe to measure the longitudinal strain and the other gauge was oriented 272 
perpendicular to the first gauge to measure the circumferential strain. The strain 273 
gauges were attached to the pipe with special adhesive and proper waterproofing 274 
protection was applied. The strain gauge readings recorded after completion of 275 
backfill (at 12.30pm on the 12th January, 2008) were taken as the base values to 276 
initialise the rest of the results.  277 
The pressure applied to the pipe by soil swelling and shrinkage was measured using 278 
the Geokon model 4800 vibrating wire earth pressure cells with 1 MPa capacity. The 279 
earth pressure cells were installed at locations directly beneath the pipe by digging a 280 
small hole in the wall of the pit beneath the pipe. A 15 mm thick, 200 mm diameter 281 
steel plate was then placed on the top of each pressure cell to ensure that the soil 282 
pressure was uniformly distributed on the pressure cell (Figure 8). The pressure cells 283 
were only installed in Pits 2 and 3 (Figures 5 and 6) as the change of soil pressure in 284 
Pit 1 (under the driveway) was expected to be minimal due to the low exposure to the 285 
prevailing weather conditions. 286 
The pipe water pressure and temperature were monitored using SITRANS pressure 287 
and temperature gauges manufactured by Seimens with the ranges of pressure and 288 
temperature gauges of 0 to 10 bar and -50 to + 200 °C, respectively. These gauges 289 
were installed using custom-built T-pieces and tapped to the water pipe. The gauges 290 
were then enclosed in a plastic box with a removable top plate which was level with 291 
the ground surface and used to provide constant access to the gauges if required. 292 
Figure 9 shows the water pressure and temperature gauges installed on site. 293 
Fifteen Type T thermocouple burial sensors (105T-L) were installed in the ground to 294 
monitor the soil temperature at various depths. All the thermocouples were tested in 295 
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the laboratory by being immersed in water of known temperature prior to installation 296 
in the field. 297 
Fifteen Campbell Scientific 229 thermal conductivity sensors were installed on site to 298 
measure the matric suction profiles of the soil. The sensor is designed in such a way 299 
that it is in equilibrium with the surrounding soil suction, and therefore after 300 
calibration it can measure the suction prevailing in the surrounding soil.  301 
Fifteen ML2x soil moisture content sensors manufactured by Delta-T Devices were 302 
installed on site. These sensors were calibrated using soil samples collected from the 303 
instrumentation site.  304 
The thermocouples, suction sensors and moisture content sensors were installed at 305 
four different levels in smaller sections of Pit 1, 2 and 3 as shown in Figure 6. In Pit 3, 306 
a fourth set of sensors was installed at three levels in the pit away from the pipe, 307 
towards the road. These sensors were installed to monitor the soil at the road-side for 308 
comparison with the measurements made at the pipe profile.  309 
After the instrumentation, all pits were backfilled using the original material and 310 
compacted to a density close to the initial density (i.e. the same amount of soil 311 
excavated from each pit was used to backfill). However, no in-situ density 312 
measurements were conducted. The soil was compacted in four to five layers up to the 313 
ground level, and each layer of loose soil was sprayed with water before compacting 314 
with a vibrating plate compactor. In error, a large amount of water (more than 315 
necessary for compaction) was poured into Pit 3 to wet the bottom soil layers prior to 316 
compaction of the layer above them. This should be noted when viewing the analysis 317 
of sensor information. 318 
The top 300 mm of Pit 1 (under the driveway) was backfilled with crushed rock and a 319 
temporarily driveway was created using bitumen. A new driveway was installed 320 
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several weeks after the fieldwork was completed. The nature strip was reinstated after 321 
the instrumentation. The amount of water used to support grass growth is not known. 322 
Supplementary fieldwork was undertaken on 19th February for the installation of the 323 
Campbell Scientific weather station. It consisted of a tipping bucket rain gauge (CSI 324 
Model CS700) with a measuring range of 0 to 500 mm/hr and resolution of 0.254 325 
mm, an anemometer for wind speed measurement with a range of 0 to 50 m/s and 326 
resolution of 0.5 m/s, a pyranometer (LI200X) to measure solar radiation, and a 327 
HMP50 temperature and relative humidity sensor. The weather station was attached 328 
to a galvanized steel pipe connected to the instrumentation cabinet such that the 329 
weather station was located 4.5 m above the ground surface. Figure 10 shows the 330 
weather station after installation and its components. 331 
All sensors, with the exception of the weather station, were connected to the 332 
Campbell Scientific CR 1000 datalogger and its peripherals. The CR 1000 datalogger 333 
was programmed using a customized logging program (written in CRBasic) provided 334 
by Campbell Scientific. The weather station sensors were connected to a CR 800 335 
data-logger, which has a similar program to the CR 1000The data were acquired at 336 
intervals of 10 minutes.  337 
 338 
 339 
Results and discussion 340 
The analysis and discussion of the data collected from the field instrumentation are 341 
presented in this section. The data presented in this paper were collected over three 342 
years between 12th January, 2008 and 13th February, 2011. 343 
 344 
Pipe water pressure 345 
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Figure 11 shows the fluctuation of pipe water pressure for the three weeks from 7th to 346 
27th April, 2008. A cyclical pattern of water pressure fluctuation is observed, where 347 
the maximum pressure of 754 kPa and the minimum pressure of 650 kPa are 348 
indicative. A plot of the average water pressure on weekdays and weekends during 349 
this period is shown in Figure 12. The maximum daily pressure was seen at 350 
approximately 5:00am. A significant pressure drop can be observed from 6:00am to 351 
9:00am on weekdays, likely due to the morning activities of the residents. A similar 352 
but slightly smaller pressure drop is also seen on weekends 1.5 hours later than on 353 
weekdays. The water pressure then increases until 6:00pm, before a second decrease, 354 
although to a significantly lesser extent than that seen in the morning, from 6:00pm to 355 
8:00pm, likely coinciding with the evening activities of the residents.  356 
 357 
Soil pressure 358 
The two earth pressure cells installed at Pits 2 and 3 showed different responses, as 359 
shown in Figure 13. The average moisture content measured at 700 and 1000 mm 360 
beneath the nature strip, and the calculated overburden pressure at the depth of the 361 
pressure cells (at 0.85 m based on soil density and depth) are also shown. The earth 362 
pressures recorded in both pits showed similar trends but with different magnitudes of 363 
change. The earth pressure in Pit 2 appeared to have a more realistic response, and the 364 
lower magnitudes of change at Pit 3 may be due to poor soil compaction around the 365 
pressure cell. Nevertheless, both pressure cells responded to the change of soil 366 
moisture content. More detailed analysis of the responses from the earth pressure cells 367 
focuses on the results from Pit 2. 368 
The pressure recorded in Pit 2 was seen to increase between January and March 2008, 369 
where decrease in soil moisture content is recorded. At the end of April 2008, soil 370 
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moisture started to increase until September 2008, when a decrease in soil pressure 371 
was recorded. These results are somewhat intriguing, as it was expected that soil 372 
pressure would increase with soil moisture content when swelling of soil occurred. 373 
However, following the soil pressure recorded in the monitoring period, soil pressure 374 
peaked in March 2008, 2009 and 2010 when soil moisture was at minimum. In 375 
contrast, decrease in soil pressure was recorded in September 2008 and 2009 when 376 
soil moisture was maximised. Following this behaviour, it can be identified that 377 
increase of soil moisture content which can lead to swelling of soil is measured as a 378 
decrease in soil pressure, and shrinkage of soil due to a reduction in moisture content 379 
is recorded as an increase in soil pressure.  380 
A possible explanation to this behaviour is that the pressure cells installed on site did 381 
not measure the pressure of the soil immediately beneath the pipe, but the pressure 382 
exerted by soil close to the pipe. When moisture content decreases, shrinkage of soil 383 
caused an increase in soil density and hardening, giving rise to higher effective stress 384 
due to capillary forces. Therefore, it was possible for the pressure exerted on the cell 385 
to increase. The pressure drop seen in September due to the increase of soil moisture 386 
content can also be explained by this mechanism, as the pressure due to shrinkage 387 
would be released when soil swelling and softening occurs.  388 
 389 
The recorded soil pressure fluctuations suggest that soil swelling and shrinking 390 
occurred over the period with respect to the seasonal climate change. When soil 391 
pressure increased during drying and subsequently decreased during wetting, 392 
additional stresses were imposed on the pipe due to soil movement around the pipe. 393 
Variation of soil pressure is a cyclic behaviour related to climate change in soil 394 
moisture content. 395 
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 396 
Moisture content and suction 397 
The matric suction and moisture content of the soil were measured at four different 398 
depths by the sensors installed at each pit. As the measurement in the nature strip at 399 
Pit 2 and 3 was similar, only the data in Pit 1 under the driveway and Pit 2 are 400 
reported in this paper.  401 
Figures 14 (a) and (b) show the matric suction and moisture content with time for Pit 402 
1 (under the driveway) and Pit 2 (in the nature strip), respectively. Whilst data were 403 
logged at ten-minute intervals, the results in these figures show daily average values. 404 
The daily rainfall is also plotted in each figure to provide comparisons with the 405 
rainfall. The responses of soil moisture sensors (SMSs) appeared to be more 406 
consistent with the recorded rainfall data than the thermal conductivity sensors 407 
(TCSs). This is not surprising, as the TCS sensors are less robust than the SMSs in 408 
operation.  409 
Figure 14 (a) shows the response of the sensors at Pit 1 (1 to 4), under the 410 
impermeable driveway. The response of sensors to rainfall is not immediate as the 411 
soil is not directly exposed to the atmosphere, and the delay of the response may be 412 
around one to two months, depending on the depth and conductivity of the soil. The 413 
TCS1 at 300 mm depth showed an increase in suction after instrumentation until the 414 
rainfall in February 2008, after which a sharp decrease in suction can be observed. 415 
Consistent with this, the SMS1 installed at the same depth also showed an increase in 416 
moisture content. Subsequently, TCS1 seems to have responded to main rainfall 417 
events during the data collection period, while increasing in suction during other 418 
times. Similar response can be observed in SMS1 with moisture change following the 419 
rainfall events. The TCS2 at 550 mm depth shows a more subtle response to 420 
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individual rainfall events, but with seasonal cyclic suction peaks throughout the years. 421 
This seems to be in agreement with the response of SMS2 installed at the same depth, 422 
which also showed seasonal peaks in moisture content. SMS 3, TCS3 and SMS4, 423 
TCS4 installed at 1000 mm and 1750 mm depths respectively, showed clearer 424 
seasonal cyclic behaviour than the sensors at 550 mm with soil moisture at a 425 
minimum in September and maximum in March, except at the end of 2010, when the 426 
soil moisture at these depths also increased over the extended rainfall period. The data 427 
suggest that soil at these depths that is under a relatively impervious surface, such as a 428 
driveway, is normally unaffected by surface weather conditions, specifically in 429 
reference to the moisture content and matric suction which influence soil movement.  430 
Figure 14 (b) shows the response of SMS and TCS at Pit 2 (5 to 8). The response to 431 
rainfall is more immediate at the natural strip, especially at 300 mm and 700 mm, as 432 
the TCSs respond to the rainfall events after instrumentation in March and May 2008 433 
with the corresponding responses observed from the SMSs. The drop of suction at 434 
300 mm depth (TCS5) corresponding to these rainfall events is not so significant. 435 
This may be due to surface cracks, which could have facilitated water flowing easily 436 
to deeper depths without much water retention at 300 mm depth. The suction at all 437 
depths showed a sharp reduction in late 2010, corresponding to the increase in 438 
moisture content, seemingly in response to the extended rainfall period. TCS 7 and 8 439 
located at 1000 and 1750 mm depths respectively, showed similar responses to Pit 1, 440 
with suction peaking in September and minimised in February and March, 441 
corresponding to the minimum and maximum soil moisture contents measured at 442 
these depths.  443 
In summary, the results from the SMSs and TCSs show change of soil suction and 444 
moisture content over the observation period in response to the weather recorded by 445 
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the weather station. It is apparent that the soil profile down to 700 mm is closely 446 
affected by the surface conditions with respect to moisture change. Below this depth, 447 
soil conditions appear to change seasonally. Due to the low permeability of clay, the 448 
effect of surface wetting and at the depth below 700 mm is more subtle. It results in a 449 
seasonal cyclic variation of wetting and drying of soil, rather than a rapid response to 450 
climate events. According to the moisture content measurements, approximately 10% 451 
moisture content change can be expected at the pipe depth (850 mm). In general, 452 
higher water content and lower suction can be observed in soil under the driveway 453 
compared to the results in the nature strip. This could be caused by the different 454 
surface cover conditions of the driveway (concrete) and the nature strip (grass). 455 
Concrete cover will minimise soil moisture evaporation and rainwater infiltration 456 
below the cover and will maintain relatively high stable moisture content.  457 
Anomalous behaviour of some sensors was noted, possibly due to the differences in 458 
initial moisture content at each pit or/and the malfunctioning of some sensors. It is 459 
observed that SMSs provide more robust measurement than TCSs, as the suction 460 
values will approach zero once moisture starts to increase. Another possibility is that 461 
the ground may have special structural features causing non-uniform water flow 462 
conditions. One such feature may be the presence of desiccation cracks.  463 
 464 
The soil moisture content measured on site was used for numerical modelling and 465 
long term prediction of soil moisture and temperature was undertaken using the 466 
developed ground-atmosphere interaction model, details of this work is described in 467 
Rajeev et al. (2012). 468 
 469 
Soil temperature 470 
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The temperature of the soil was measured at four different depths by the 471 
thermocouples installed at each pit. Similar to the moisture and suction measurement, 472 
only the data for Pit 1 and 2 are shown. Figures 15 (a) and (b) show the soil 473 
temperature for Pit 1 (under the driveway) and Pit 2 (in the nature strip), respectively, 474 
plotted with the variation of air temperature measured by the weather station and pipe 475 
water temperature by the temperature gauge connected to the pipe. 476 
The data clearly show that when the soil is closer to the ground surface (i.e. 300 mm), 477 
it is more affected by the variation of air temperature, while the soil at greater depths 478 
(550 mm to 1750 mm) follows a more damped variation in temperature, but 479 
nonetheless is still influenced by the air temperature fluctuations. The effect of air 480 
temperature on soil temperature is most significant at Pit 1, as Figure 15 (a) shows 481 
that the soil temperature at 300 mm depth follows the daily fluctuation of air 482 
temperature more closely (varies from 9 °C to 31 °C) than the other locations. This 483 
may be due to TC 1 installed at Pit 1 being directly under the concrete driveway, 484 
which is more responsive to change of air temperature than the nature strip (as shown 485 
in Figure 15 (b), as the thermal conductivity of soil is less than that of concrete. TCs 486 
at greater depth had similar measurements, regardless of the pit location, and at 1000 487 
mm the soil temperature is around 23 °C to 12 °C, while at 1750 mm the temperature 488 
varies from 22 °C to 14 °C. 489 
 490 
The instrumented water pipe was located at 850 mm depth and TC6 and 7 at 700mm 491 
and 1000 mm respectively, can be used as an estimation of the possible temperature 492 
experienced by the water pipe. The soil temperature is affected by seasonal 493 
atmospheric air temperature in such a way that in summer, the soil temperature 494 
decreases with the depth at an approximate rate of 2.5 oC/m and in winter it increases 495 
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with the depth at the same approximate rate. Further, the soil temperature at pipe 496 
depth could change by approximately 15 oC from February to August, which could 497 
cause the development of significant thermal stress in the pipe. It is worth noting that 498 
the maximum soil temperature occurred during February and March, which is the 499 
same as the period when the maximum soil pressure was recorded, as shown in Figure 500 
15. The influence of such temperature variation on the moisture change has been 501 
modelled in Rajeev et al. (2012). 502 
 503 
Pipe strain measurement  504 
Three sets of biaxial strain gauges were installed on the pipe; the detailed locations 505 
and labelling of the strain gauges are shown in Figure 16. Each of the pipe sections 506 
had four biaxial strain gauges, one on the top and the bottom and two at the spring 507 
line on opposite sides. Each of the biaxial gauges had one gauge oriented along the 508 
longitudinal axis of the pipe and the other gauge oriented perpendicular to the 509 
longitudinal gauge for measurement of hoop (or circumferential) strain. The location 510 
of the joints was based on the pipe joints being 6 m apart and the known location of a 511 
joint found under the driveway next to the first set of strain gauges during 512 
instrumentation. 513 
Figure 17 shows the variation of the average longitudinal and hoop strains measured 514 
at each pit over time. The sign convention used is that tension is positive and 515 
compression is negative, following the traditions of structural engineering.  The 516 
average strains were computed using the strain reading from all four strain gauges at 517 
each location. Therefore the strain due to bending of the pipeline is eliminated on the 518 
basis of the assumption that the pipe bending follows the Euler–Bernoulli beam 519 
theory (i.e., strain due to bending varies linearly with equal and opposite sign at the 520 
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top and bottom fibre of the section). As a result, the longitudinal strain shown in 521 
Figure 17 is the strain variation due to axial elongation/contraction of the pipeline.  522 
The soil temperature at the pipe depth is also shown in the figure, which in fact shows 523 
close correlation with the measured longitudinal strain variation. The soil temperature 524 
at the pipe depth was taken as the average of six thermocouples located above and 525 
below the pipe at three pits.  In general, strain is maximum (tensile strain) in February 526 
to March and minimum (compressive strain) in August to September. This seasonal 527 
effect can be observed for over a year from the installation on January 2008 to March 528 
2009. The strain gauges provided good measurements for approximately one year 529 
before some gauges started to give erratic data in April 2009. In general, the measured 530 
strains followed the trend of the soil temperature variation, but at later stage the 531 
tensile strain of all pits increased without any physical explanation. Some strain data 532 
had spikes that were not related to other strain measurements. It is believed that these 533 
gauges were malfunctioning and not giving reliable measurements, hence only the 534 
data from the period up to August 2009 were considered in the analysis. 535 
Figure 18 illustrates a plot of differences in longitudinal strains measured at the top 536 
and the bottom of the pipe (i.e., longitudinal strain measured at pipe top subtract pipe 537 
bottom) at three pit locations with soil pressure and average soil moisture changes at 538 
700mm and 1000 mm depths together with rainfall data. Using the strain 539 
measurements and the soil moisture variation as shown in Figure 18, the response of 540 
pipe buried in expansive soil subjected to climate can be explained with possible 541 
failure mechanisms. 542 
As stated above, the joints are bolted joint and assumed to behave rigidly. Further, the 543 
soil moisture change within the driveway (i.e., close to pit 1) is not significant as in 544 
pits 2 and 3. Therefore, the soil movement under the driveway is very minimal and 545 
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the joint close to pit 1 can be assumed as rigid support to rest of the pipe section. The 546 
pipe section in pit 2 and 3 behaves as a cantilever beam during soil swelling and 547 
shrinking with soil moisture changes. The flexural strain in Figure 18 was calculated 548 
by subtracting the longitudinal strain in the top and bottom of the pipe. The positive 549 
flexural stain in the figure suggested that the strain in the top is larger than the bottom, 550 
therefore pipe is bending downward according to cantilever action (i.e., pipe top is in 551 
tension). Conversely, the negative flexural strain suggested that the pipe is bending 552 
upward (i.e., pipe top is in compression). In order to understand the effect of climate 553 
in pipe behaviour, the seasons are signified in the figure with year. 554 
At Pit 2 and 3 the strain values stabilised during the initial months after 555 
instrumentation, and then gradually decreased from autumn to winter 2008 (March to 556 
September/mid-November). It is clear that the soil moisture content increased during 557 
the same period of time, with the recorded decrease of soil pressure suggesting soil 558 
was swelling and the pipe bent upward. This was then followed by an increasing trend 559 
of strain which became positive, when the soil moisture content dropped over spring 560 
2008 before a sudden rise in summer 2009. These trends can also be correlated to the 561 
increase in soil pressure during spring 2008, as the soil was shrinking. The influence 562 
of the dry summer in 2009 can be observed as the peaking of tensile strain on the 563 
pipe. There is a time lack of two to four weeks between the moisture change and 564 
corresponding soil response (i.e., soil pressure development).  565 
A similar correlation can be also observed in Pits 1 such as, in autumn to winter 2008 566 
and later part of Autumn to winter 2009, the decreasing trends of flexural strain was 567 
observed with increasing soil moisture content and soil pressure. Decreases in strain 568 
(i.e., compression) and soil pressure and an increase in moisture content can be 569 
observed when approaching spring 2008 and winter 2009, showing swelling of soil in 570 
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the wet season. Further, in summer to later autumn 2009, the flexural strain increased 571 
to maximum positive value while the average moisture was decreasing. This confirms 572 
that the pipe flexural strain is significantly high in either summer or autumn due to 573 
lose of soil support when soil shrinks.       574 
According to the collected data during the monitoring period, it can be understood 575 
that soil shrinking occurred around summer due to the decrease of soil moisture 576 
content and increase in soil pressure. If the buried pipe is assumed to behave like a 577 
cantilever beam with partially fixed end support at the driveways (Chan 2008), the 578 
positive stress difference between the top and bottom of the pipe means the pipe top is 579 
in tension compared to the pipe bottom at the section under consideration. Hence, it is 580 
bending downward. When the stress difference between the top and bottom is 581 
negative, the pipe top is in compression compared to the pipe bottom, and therefore 582 
the pipe bends upward. Soil shrinkage in summer causes downward bending of the 583 
pipe in the nature strip with respect to that under the driveway, as shown in Figure 19. 584 
Due to possible rotation at joints, pipe segments bend downward, behaving like a 585 
beam subjected to uniformly distributed load and developing tensile strains on the top 586 
of pipe segments. In winter, wetting of soil pushes the pipe upward and this 587 
movement corrects the downward movement of the pipe that occurred previously, 588 
resulting in decreasing flexural strain (compression) at the top of the pipe. 589 
It can be inferred from the strain analysis that in the monitoring period of two years, 590 
the pipe top experienced predominantly flexural tensile strain when the soil was 591 
shrinking during summer, and the strain was reduced eventually leading to 592 
compressive strain as the soil was becoming wetter, due to the increase of moisture 593 
content during winter. These field results are consistent with the findings of other 594 
studies (Ibrahimi 2005; Chan 2008; Gould & Kodikara 2008), where hot and dry 595 
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summers were suspected of causing higher failure rates. It can also be inferred that 596 
shrinking and swelling of soil occurs due to the change of soil moisture content as a 597 
result of climate events (i.e. rainfall and evapo-transpiration). Bending of pipes is 598 
caused by climate events and upward and downward bending occurs with respect to 599 
the change in soil moisture content. 600 
 601 
Conclusions 602 
The following conclusions can be drawn from the analyses of field data described in 603 
this paper: 604 
• The daily activities of residents caused approximately 80 kPa change in daily 605 
pipe water pressure. This change was consistent over the observation period. 606 
• Change in soil pressure is subjected to moisture change, as soil pressure 607 
decreases with increase in soil moisture content, and vice versa. Maximum 608 
soil pressure at the pipe depth was recorded in March, while minimum soil 609 
pressure was recorded in September. The data are generally related to the 610 
corresponding swelling and shrinkage in soil wet and dry seasons. 611 
• The change in soil moisture and suction are related to the prevail climate, 612 
including rainfall. The surface moisture change affects shallow depths (less 613 
than 1 m) in a relatively short time and deeper depths (greater than 1 m) with a 614 
seasonal cyclic variation. Approximately 10% change in water content at the 615 
pipe depth can be observed. 616 
• The soil temperature is closely related to the air temperature and the rates of 617 
temperature change with depth during summer and winter periods are about -618 
2.5 oC and + 2.5 oC per metre depth, respectively. The soil temperature 619 
decreases approximately in 15oC from summer to winter.  620 
24 
 
• The longitudinal and hoop strains of the pipe increase approximately 800 µε 621 
(tensile) from winter to summer.  622 
• The strain analyses show that tensile strain development at the top is 623 
correlated with decrease of soil moisture content and increase in soil pressure 624 
in summer. Compressive strain develops at the top when soil moisture content 625 
increases and soil pressure decreases when approaching winter. 626 
• The analyses of strain suggest that during the monitoring period, the pipe 627 
moved downward in summer and upward in winter due to shrinking and 628 
swelling of soil respectively, as a result of the seasonal fluctuation of soil 629 
moisture content.   630 
• Higher pipe failure rates recorded in Victoria during summer can be a result of 631 
downward bending of the pipe due to soil shrinkage. 632 
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Tables 
 
Table 1.  Physical properties of field soil 
 
*LL = Liquid Limit, PL = Plastic Limit, PI = Plasticity Index, LS = Linear Shrinkage 
 
 
Depth (mm) LL (%) PL (%) PI (%) LS (%) Dry Density (g/cm3) 
Initial 
Water 
content (%) 
Swelling 
pressure 
(kPa) 
Saturated 
hydraulic 
conductivity (m/s) 
Texture 
0 ~ 250 - - - - 1.33 3.5 - 5x10-5 ~ 8 x 10-6 Dark Brown 
250 ~ 500 72.0 27.8 44.2 21.7 1.46 21.4 205.8 4.5x10-9 Brown 
500 ~ 750 87.3 29.5 57.8 24.0 1.53 23.7 551.8 - Brown 
750 ~ 1000 99.4 28.9 70.5 21.2 1.41 24.4 371.2 2.5 x 10-9 Brown 
1000 ~ 1300 91.2 23.4 67.8 26.6 1.58 25.1 412.1 - Grey 
1300 ~ 2100 101.6 23.8 77.8 24.4 1.58 26.1 331.9 - Light Brown 
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Table 2.  Mineralogy content of field soil  
Quartz Albite Orthoclase Kaolin Smectite Calcite Halite Ilmenite Anatase 
59% 2% 3% 2% 31% 3% <1% - <1% 
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Fig. 1. Plasticity chart classifying the site soil 
 
 
 
Fig. 2. Particle size distribution of the site soil 
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Fig. 3. Soil water characteristic curve for the site 
 
 
 
 
 
 
Fig. 4. Soil profile of the site 
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Fig. 5. An instrumentation plan of the site 
 
 
 
Fig. 6. Vertical section of instrumentation site 
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Fig. 7. Location of biaxial strain gauges around the pipe in a set 
 
 
 
 
Fig. 8. Installation of an earth pressure cell 
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Fig. 9. Pipe water pressure and temperature gauges 
 
 
 
 
 
Fig. 10. Weather station and its components 
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Fig. 11. Variation of pipe water pressure (collected in 10 min intervals) 
 
 
 
 
Fig. 12. Average daily fluctuation of pipe water pressure 
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Fig. 13. Variation of soil pressure at Pit 2 and 3 
 
 
 
 
 
Fig. 14(a). The variation soil suction and moisture content in response to rainfall at 
Pit1 
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Fig. 14(b). The variation soil suction and moisture content in response to rainfall at 
Pit2 
 
 
 
Fig. 15(a). Seasonal variation of soil temperature at Pit 1 
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Fig. 15(b). Seasonal variation of soil temperature at Pit 2 
 
 
 
 
Fig. 16. Location and labelling of strain gauges on the pipe 
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Fig. 17. Development of longitudinal and hoop strain in response to pipe temperature 
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Fig. 18. Comparison of the difference between the top and bottom longitudinal strain 
gauges with soil pressure, displacement, moisture content and rainfall 
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Fig. 19. Vertical pipe movement due to seasonal climate change of soil moisture 
content 
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